Introduction ! Diseases of the pancreas include a broad spectrum of inflammatory and neoplastic diseases. Conventional CT with multiple phases after intravenous contrast agent administration has a firmly established role in primary and differential diagnostics and in aftercare. A multiphase protocol is usually proposed in the literature for specific issues involving the pancreas. Depending on the particular issue, multiple spirals are scanned after one-time contrast agent application. The first spiral is scanned after approx. 20 seconds and corresponds to the early arterial phase which is suitable for example for detecting hypervascularized tumors (e. g., neuroendocrine tumors) [1] . The second spiral begins at 35 -40 seconds (so-called pancreatic phase) with maximum contrast enhancement of the pancreatic parenchyma [2] . The third spiral is scanned in the so-called portal venous phase and is used to evaluate the liver and other organs. However, high sensitivity has been achieved in the diagnosis of pancreatic carcinomas even with monophasic protocols using only one spiral after approx. 65 seconds [3] . Alternatively, spirals are additionally acquired in the so-called equilibrium phase (150 -180 s after intravenous contrast agent administration) and are necessary to show vascularization, e. g. of desmoplastic pancreatic carcinomas [4] . Regardless of the number of phases, the common limitation is that the circulation time of patients can vary greatly so that optimum contrast enhancement often cannot be achieved despite bolus tracking [5, 6] . A relatively modern option for expanding conventional CT diagnostic methods to include functional parameters is volume perfusion CT [7, 8] . Depending on the protocol, different tissue parameters are measured thus allowing improved classification of pancreatic lesions in many cases and even allowing estimation of the efficacy of a treatment Abstract ! The review discusses the potential role of volume perfusion CT (VPCT) in the diagnosis and follow-up of different pathologies of the pancreas. VPCT enables a differentiation of different pancreatic tumors like adenocarcinoma or neuroendocrine tumors based on functional parameters like blood flow, blood volume and permeability. Furthermore, the article discusses the potential indications for VPCT imaging of inflammatory diseases of the pancreas such as acute or chronic pancreatitis and autoimmune pancreatitis. in some cases [9] . The measured parameters are largely independent of the circulation time of the patient in this case. This development is particularly interesting in light of the fact that highly effective targeted treatments are being increasingly developed and tested and conventional follow-up criteria, such as the known RECIST criteria, only reflect the response in the case of new active ingredients on a limited basis [10, 11] . A significant change in size is often not to be expected but rather that treatment success is defined exclusively on the basis of a reduction in functional parameters, e. g. perfusion. Thus parameters such as blood flow (BF) and blood volume (BV) seem helpful as surrogate parameters. In addition, the K trans (vascular wall permeability) makes it possible to determine an initial estimate of tumor penetration by chemotherapeutic agents and improvement thereof during ongoing modern treatments (e. g. virotherapy) [12] .
Volume perfusion CT (VPCT)
! During VPCT, tissue attenuation is measured after intravenous contrast agent application in the scanned volume. For this purpose, the total organ (tumor) volume is scanned at different points in time. The density in two different ROIs, in an afferent artery and the desired tissue, is compared in the subsequent mathematical analysis [13] . Different mathematical kinetic models are used. The fact that different CT manufacturers offer different software solutions currently makes it difficult to ensure comparability of the measured values and prevents protocol standardization. Therefore, the literature for these perfusion calculation models describes different strengths and weaknesses mainly due to the underlying mathematical models. In addition, interindividual differences in perfusion both of the healthy pancreatic parenchyma and the different pathologies play an important role and greatly complicate the use of cut-off values [14] . A so-called single-compartment analysis (maximum slope) does not differentiate between intravascular space and extravascular space in the target tissue. The perfusion (blood flow, BF) is determined from multiple scans in a short interval. This is calculated using the steepness of the slope during wash-in of the contrast agent in the tissue. The time to maximum density in the tissue (time to peak, TTP) can be determined from the same curve. The time interval between the maximum of the arterial input function and the maximum density increase of the tissue is determined mathematically [15, 16] . An advantage of this method is that short scan times are sufficient (one breath hold) and information about the venous outflow is not necessary. The high susceptibility to noise and the risk that the arterial peak will be missed in the case of excessive time intervals between scans are a disadvantage. Two-compartment models which allow for the exchange between the extravascular space and intravascular space and use this to additionally calculate the blood volume (BV) and the permeability (PMB or K trans ) in the interstitial phase are primarily used today. The resting blood opposite to perfusion is taken into consideration in the calculation of the blood volume. The two most frequently used models are the Patlak analysis and the so-called deconvolution technique. The deconvolution technique is significantly less susceptible to noise and is more robust with respect to changes in arterial input function. The underlying mathematical model does not require any assumption about the venous outflow. However, longer acquisition times are needed for two-compartment models (current recommendations are approx. 40 s). The applied radiation dose is comparable in both two-compartment models. Motion correction and filter techniques are additionally used in post-processing in modern protocols. This allows the reconstruction of qualitatively good mean intensity projection (MIP) images even during free breathing of the patient. New equipment allows acquisition of large volumes in the Z-axis due to fast table movement in the so-called shuttle mode (e. g. 50 cm/s table advance). Consequently perfusion data for complete organs can be acquired. As a result of its retroperitoneal position, the pancreas offers the advantage that motion artifacts are relatively low compared to other abdominal organs (refer to • " Fig. 1) .
A possible protocol for the perfusion of the pancreas could be as follows ( • " Table 1) : 80 kV, 120 mAs, collimation 64 × 0.6 mm with 26 scans of the target volume with a total acquisition time of 40 s. The additional radiation exposure is approx. 7.0 mSv for normal weight male patients and approx. 7.1 mSv for normal weight female patients [17] . In the future there will be possibilities for reducing dose using iterative reconstruction [18] . A further reduction possibility is provided by new detector technologies which promise a potential dose reduction of > 30 % [19, 20] .
Use of VPCT in different pathologies of the pancreas !

Adenocarcinoma
Adenocarcinoma of the pancreas is the most common malignant pancreatic tumor and the third most common tumor of the gastrointestinal tract. Most cases are ductal adenocarcinomas. The tumor typically occurs in the head of the pancreas. CT imaging is used for different issues. The exact size of the tumor is essential for staging. Of particular interest here is vessel invasion of the superior mesenteric artery or vein, celiac trunk, portal vein, or perineural growth. Pancreatic carcinomas are typically hypodense in all CT phases because they appear less perfused compared to the surrounding tissue and histologically often have an extensive desmoplastic reaction [21] . According to pathologists, the vascularization of pancreatic carcinomas should however be strong like most other malignant, fast growing tumors [22] . Increased intratumoral pressure (leakage of the tumor Fig. 4) . The BF and BV measured in the case of adenocarcinomas are significantly lower than in the surrounding pancreatic tissue ( • " Fig. 1a -c, 2a-c). The lowest BF and BV values are typically measured in the center of the tumor. In contrast, significantly higher values are measured in the peripheral zone of the tumor, the zone of active angiogenesis. The values measured here are usually lower than those of the healthy pancreas (blood flow, mean 70 -90 ml/min*100 g according to Patlak analysis or mean 120 -140 ml/min*100 g according to deconvolution technique, see • " Table 2 ). The tissue bordering of the tumor shows perfusion parameters as in healthy tissue with greatly reduced perfusion of the remaining pancreas being able to be detected in some cases of tumor-based atrophy, e. g. in the case of atrophy of the tail of the pancreas due to prolonged duct congestion ( • " Fig. 3a-c) . Tumor growth, histolo- gical grading, and the progression of pancreatic tumors depend greatly on the angiogenesis. It was possible to show that functional parameters of VPCT can be used to differentiate between high-grade and low-grade tumors on the basis of the blood volume and the maximum enhancement [23] . Therefore, high-grade tumors generally show low blood volume and low maximum enhancement [23] . Adenocarcinomas of the pancreas usually show reduced permeability (K trans ). However, this has not yet been conclusively clarified by the currently available studies [21, 24] . A Fig. 3 54-year-old female patient. The conventional CT depicts a cholestasis (dashed line) and slight dilatation of the pancreatic duct (A, B). Conventional CT does not show clear evidence of a pancreatic mass. The pancreatic tissue is isodense without clear signs of atrophy (solid white arrow in A). VPCT however shows a strikingly reduced BF in the tail region (ROI) with a BF of 52 (ml/100 g/min) and a BV of 12 (ml/100 g). Endoscopy finally revealed an adenocarcinoma of the papilla. first study was able to show that K trans is a possible surrogate marker for response to radiochemotherapy, with tumors with a low permeability having a significantly worse response to treatment [9] . VPCT can also be helpful for detecting tumors in critical locations (e. g. papilla, periampullary) ( • " Fig. 4a-c) . A comparison with other methods such as diffusion weighting in MRI is not yet available in the literature. However, since CE-CT is the method of choice for diagnosing the pancreas, VPCT could support this method by providing additional functional information.
Cystic and cystic-solid neoplasias of the pancreas !
Serous cystic neoplasia (SCN)
SCNs are neoplasias that can consist of multiple cysts. A differentiation is made between serous microcystic adenomas, serous macrocystic adenomas, and adenomas associated with Von Hippel-Lindau disease [25] . Microcystic adenomas are the most common variant. As a rule they are benign and are comprised of a central scar with surrounding small cysts [26] . The scar can contain calcifications. Serous oligocystic adenomas are a significantly rarer subtype of serous cystadenoma. They contain fewer larger cysts compared to microcystic adenomas and can be lobulated. They are mainly located in the head of the pancreas. The periphery does not show any contrast agent enhancement while late enhancement was described in the septa [27] . The oligocystic variant is comprised of only a few large cysts while the variant associated with Von Hippel-Lindau consists of multiple cysts distributed across the entire pancreas. The malignant potential of SCNs is generally negligible. Morphological CT/ MRI imaging plays a major role in the differentiation of these subtypes as well as in the delimitation of mucinous cystic pancreatic tumors, for example. The use of VPCT is primarily not necessary but could improve the detection of solid, contrast-enhanced tumor portions, in particular in microcystic variants, due to the numerous measurement points over time, the resolution in the case of fine tumor septa and nodules often being unsuccessful thus incorrectly giving the impression of a solid tumor ( • " Fig. 5a-c) . In fact, imaging benefits in such cases from the use of T2-weighted MRI sequences that allow better resolution of the septa and the cyst wall and more accurate measurement. Endoscopic ultrasound imaging (EUS) as a more invasive method with comparable diagnostic possibilities is also suitable [28] . New methods, such as through-the-needle imaging with the two options of cystoscopy and confocal laser endomicroscopy, are currently being developed [28] . However, either EUS or MRI is currently recommended for follow-up.
Mucinous cystic neoplasia (MCN) and intraductal papillary mucinous neoplasia (IPMN)
MCNs consist of multilocular large cysts that are primarily located in the tail of the pancreas and affect premenopausal women. Mucinous cystadenomas can appear similar to intraductal papillary mucinous neoplasias (IPMNs) in imaging. However, the lesions are rounded without lobulation and possibly with very fine septa. Solid mural tumor nodules, cyst size > 6 cm, and calcifications are considered signs of malignancy [27] . Papillary tumor segments can be better detected via multiphase CT or VPCT due to the en-hancement. However, as in the case of SCNs, resolution of possible solid segments with VPCT is often not possible here due to the spatial resolution. According to current guidelines, mucinous-cystic neoplasias must be histologically differentiated from IPMNs by detecting ovarian-like stroma. MCNs without a sign of invasion (adenoma) are histologically differentiated from borderline variants and invasive types [29] . The term intraductal papillary mucinous neoplasia (IPMN) includes a series of cystic tumors growing in the main or branch duct of the pancreas [30] . Mixed types were also described [29] . They share papillary differentiation with mucinous secretion. In contrast to other cystic pancreatic lesions, the individual lesions of an IPMN have an irregular configuration [27] . Main duct IPMNs consist of diffuse dilation of the pancreatic duct (> 1 cm) with cystic formations. Solidappearing nodular consolidations are sometimes located in the lesion. IPMNs of the main duct have a high malignant potential and are considered a precursor to ductal pancreatic carcinoma [31] . Side branch IPMNs generally consist of grouped small cysts with a diameter of approx. 1 -2 cm. Peripheral cystic lesions can be multilocular but are comprised of a well definable main cyst containing nodular changes or septations. In the case of the mixed variant, the bordering main duct can also be slightly dilated in segments but generally significantly less than in main duct IPMNs.
To date, there is minimal literature about the functional parameters of these lesions. IPMNs are generally minimally vascularized. An additional benefit of the use of functional parameters including perfusion-based data could not yet be proven. As a rule, high-resolution morphological image analysis including tumor matrix evaluation plays a main role in the diagnosis of cystic pancreatic tumors.
Pancreatic endocrine neoplasia (PEN)
Pancreatic endocrine neoplasias (PENs) represent approx. 1 -2 % of all pancreatic tumors. They are primarily well differentiated tumors with preserved endocrine differentiation. Based on the number of mitosis and the proliferation index, the WHO classification (2010) distinguishes between well differentiated PENs (grade 1 and 2) and poorly differentiated endocrine carcinomas (NEC grade 3). The further classifications according to AJCC-TNM and ENETS-TNM describe the local tumor extent and distant metastasization with differences in the estimate of the local stage [32] . Additional diagnostic aids are the detection of hormones and biogenic amines and the expression of somatostatin receptors type 2A [33] . Moreover, PENs are divided into functionally active (hormonally active, approx. 40 %) characterized by a certain clinical picture and non-functionally active (not hormonally active) [34] . Gastrinomas and insulinomas are the most common hormonally active tumors. However, hormone-producing tumors can remain asymptomatic for a relatively long period of time in the case of a low hormone quantity or a lack of effectiveness of the hormones. PENs with a size of less than 0.5 cm are defined as microadenomas [35] . The prevalence of these microadenomas is specified as up to 10 % [35] . These tumors are asymptomatic and typically do not progress in size. However, all adenomas greater than 0.5 cm carry the risk of malignant degeneration [35] . The WHO classifies tumors on the basis of size, rate of mitosis, proliferation rate, and invasiveness. Lowgrade or benign tumors tend to grow in an expansive manner while higher-grade tumors grow in an infiltrative manner. All endocrine neoplasias typically have a hyperdense appearance in the arterial phase, the hyperdensity persisting even in the portal venous phase due to the significant vascularization ( • " Fig. 6a-c) . In the case of a larger lesion or a cystic appearance, a hypervascularized border is often Fig. 5 72-year-old female patient with a cystic tumor (A). After surgical resection the histological diagnosis revealed a microcystic serous cystadenoma. VPCT shows a relatively high BF of 40 (ml/ 100 g/min) (B) and a permeability of 29 ml/100 g/ min (C). This finding might be due to partial volume effects. Blood volume of 9 (ml/100 g) is not displayed. Fig. 6 82-year-old female patient with recurring episodes of hypoglycemia and a pathologic starvation test. Suspicion of an insulinoma. Restricted depiction of the very small lesion in the arterial and portal venous phase (A, B) . VPCT (C) shows a strongly increased blood flow (BF 152 ml/100 g/ min). Increased blood volume (BV 65 ml/100 g) and normal permeability (K trans 0.03 ml/100 g/min) are not shown.
seen. Individual tumors can also have a purely cystic appearance. These lesions cannot be reliably differentiated morphologically from other cystic pancreatic lesions via CT. In the case of known PEN, the liver should also be examined with arterial contrast enhancement to rule out hepatic metastasis [35] . In the case of increased perfusion in the peripheral region, this can be missed on conventional CT in a phase-dependent manner. VPCT is helpful in this regard. The smallest PENs can be detected, therefore often making other complementary diagnostic techniques unnecessary such as selective arterial angiography with calcium stimulation and venous sampling. VPCT typically shows increased BF and BV values (BF to over 150 ml/min*100 g [maximum slope model]) compared to the normal pancreas (70 -90 ml/min*100 g according to [maximum slope model])( • " - Table 2 ). The hepatic metastases show the same characteristics ( • " Fig. 7a-c) . Initial study results show that the BF is dependent on microcapillarization and histological grading [8] . The BF in well differentiated PENs (WHO grade I) is significantly higher than in high-grade tumors [8]. In the case of endocrine tumors analogously to adenocarcinomas, the prognosis in highly perfused tumors is better than in minimally perfused tumors. For neuroendocrine tumors treated with antiangiogenic agents (bevacizumab), a response to treatment can be shown via VPCT as early as 2 days after the start of treatment [36] . A significant decrease in BF is seen and persists over the course of treatment.
Metastases
Metastases in the pancreas are relatively rare (in total approx. 2 -4 % of all masses of the pancreas). Renal cell carcinomas (approx. 30 %) and bronchial carcinomas are the most common tumors with solitary spread into the pancreas [37, 38] . The characteristics in imaging are similar to the primary tumor. The tumors are usually significantly better vascularized than adenocarcinomas of the pancreas but are typically less vascularized than the highly vascularized pancreatic parenchyma. However, metastases of renal cell carcinomas in particular can simulate pancreatic PENs due to their high degree of vascularization. In the case of hypervascularized masses of the tail of the pancreas, splenosis or intrapancreatic accessory spleen should be considered as a differential diagnosis. Despite similar BF values, metastases of hypervascularized tumors (RCC, NET) differ from healthy pancreatic parenchyma on corresponding color charts due to different values regarding blood volume, permeability (K trans ) or time-to-peak (TTP) (own unpublished data).
Retention cysts
Retention cysts are usually rounded with a smooth edge and occur as solitary lesions. The cysts are smaller than in side branch IPMNs (< 1 cm). In general, they usually do not present a challenge for differential diagnosis. VPCT does not play a role here.
Acinar cell carcinomas
Acinar cell carcinomas are rare epithelial neoplasias of the pancreas with acinar differentiation. Although acinar cells represent the majority of the pancreatic tissue, only approx. 1 % of all exocrine pancreatic tumors are acinar cell carcinomas [37, 38] . True acinar cell carcinomas typically grow exophytically, oval to round and can be clearly delimited. Tumors are hypodense to isodense on conventional contrast-enhanced CT. In individual cases signs of hypervascularization in imaging are also described ( • " Fig. 8a-c) . The tumors are typically solid without cystic segments [37] . VPCT can be helpful as an adjunct to normal CE-CT in the detection and delimitation (local staging) of smaller tumors in particular.
Pancreatic lymphoma
Lymphomas primarily originating from the pancreas are extremely rare (less than 0.5 % of all masses of the pancreas). Lymphomas often grow as a tumor bulk and sheath the vessels without vascular occlusion. As a rule, lymphomas are visualized as solid, homogeneously contrast-enhanced masses. Despite good vascularization, the perfusion parameters of lymphomas only rarely reach values comparable with those of the pancreatic parenchyma and accordingly have mildly low perfusion [39] . Review 1089
Acute and chronic pancreatitis
In the case of pancreatitis, a differentiation must be made between chronic pancreatitis and acute pancreatitis. In both acute and chronic pancreatitis, the measured BF and BV values are significantly lower than in healthy tissue [24] . The reports about a change in permeability are currently contradictory. The reduced BF and BV values can be explained by cellular edema and consequently reduced microperfusion pressure as well as vasospasms [40] . In the case of acute pancreatitis, VPCT helps to identify necroses in the parenchyma and can thus facilitate differentiation from the edematous type ( • " Fig. 9a-c) . A comparison study of perfusion CT vs. angiography of the hepatic artery showed superiority of CT in the diagnosis of necroses [40] . Necrotic areas have perfusion values close to zero and are therefore in the noise range of the method. Since time-density curves of the corresponding tissue are always determined when acquiring VPCT data, these can be primarily used for analysis [41] . The shape of the time-density curve can be helpful for detecting carcinomas in an organ changed by chronic inflammation. Therefore, chronic inflammation shows a wash-out effect after a minor increase in the timedensity curve ( • " Fig. 9c ). Carcinomas also show an initial slight increase ( • " Fig. 10a -c) However, this often ends in a plateau phase or in a further increase in density values [41] . In general, differentiation remains difficult. This also applies to the differentiation of these two pathologies via MRI even using DWI [42] .
Rare inflammatory changes and inflammatory pseudotumors
Groove pancreatitis is focal pancreatitis of the head of the pancreas with involvement of the duodenum and common bile duct. It often occurs in alcoholics and can simulate a mass with minimal contrast enhancement. Duct dilation is rare but this pathology can cause small cysts in the duodenal C-loop [38] . A differentiation is made between "pure" and segmental groove pancreatitis [43] . These forms are histologically characterized by scar formation (fibrosis) and hyperplasia of the duodenal glands. Earlier DCE-MRI data have shown delayed and inhomogeneous contrast enhancement in this type of pancreatitis due to the cirrhotic charac- ter of the inflammation [43] . VPCT can detect the type and dynamics of contrast enhancement and thus contribute to characterization. In addition, a VPCT study can be helpful in differentiating between the head of the pancreas and the accompanying cystic duodenal wall transformation. A further special form of pancreatitis is autoimmune pancreatitis (AIP), also called IgG4-associated sclerosing pancreatitis. CT often shows autoimmune pancreatitis with diffuse or focal organ enlargement with a capsule-like rim, peripancreatic, fine-reticular density increase and rare parenchyma calcifications [38] . Further morphological criteria such as stenoses of the main pancreatic duct > 1/3 of the organ length, focal constrictions, and detection of side branches of the pancreatic duct on the level of the main duct stenoses have proven to be highly suggestive of AIP in differential diagnosis [44] . Organ enlargement is isodense to slightly hypodense with respect to the parenchyma in all phases and peripancreatic inflammatory changes in the fat tissue (halo sign) are often seen. Duct dilation is usually not seen [38] . In the case of diffuse forms, a density comparison to the normal pancreatic parenchyma is however not possible. A comparison of the perfusion values with reference values of a healthy pancreatic parenchyma could be helpful here since AIP is significantly less vascularized (absolute perfusion values) ( • " Fig. 11a -c) [45] . In our experience, the measured perfusion values are significantly higher than those of chronic pancreatitis which can be explained by the different histological changes. Atrophy and a further decrease in organ perfusion often occur over time despite proper treatment.
Summary ! Volume perfusion CT of the pancreas can provide useful additional information for a range of issues. Therefore, neuroendocrine tumors with significant perfusion can be effectively differentiated from normal pancreas and adenocarcinomas with low perfusion on the basis of BF and BV. Initial study results indicate that tumor grading via VPCT could be possible and projections regarding treatment response are possible. When evaluating inflammatory changes, VPCT can identify necrotic areas in the parenchyma with great reliability and thus help to decide for or against surgical or interventional treatment. There are currently neither guidelines nor a recognized consensus regarding the use of VPCT in the pancreas. A re- Review 1091 quirement for greater use are additional studies involving greater cohorts as well as standardization of protocols and reconstruction algorithms. In the future standardized application of VPCT for the following indications would be conceivable: 1. Pancreatic tumors: Characterization; detection of even small tumors on the basis of perfusion failure (e. g. periampullary carcinomas) or hypervascularization (PENs); treatment monitoring ("targeted" substances, virotherapy, etc.); detection of pancreatic metastases; identification of solid, vascularized tumor segments in primary cystic pancreatic neoplasias vs. cell debris, calcifications, etc. 2. Pancreatitis: Evaluation of organ perfusion (necrosis, hemorrhage); extent of ischemia; 3. Autoimmune diseases: IgG4-AIP-reduced perfusion with respect to normal parenchyma despite normal CE-CT finding.
